Transcranial direct current stimulation (tDCS) is able to generate a long-term increase or decrease in the neuronal excitability that can modulate cognitive tasks, similar to repetitive transcranial magnetic stimulation. The aim of this study was to explore the effects of tDCS on a language task in young healthy subjects. Anodal, cathodal and sham tDCS were applied to the left dorsolateral prefrontal cortex (DLPFC) before two picture naming experiments, a preliminary study (i.e., experiment 1) and a main study (i.e., experiment 2). The results show that anodal tDCS of the left DLPFC improves naming performance, speeding up verbal reaction times after the end of the stimulation, whereas cathodal stimulation had no effect. We hypothesize that the cerebral network dedicated to lexical retrieval processing is facilitated by anodal tDCS to the left DLPFC. Although the mechanisms responsible for facilitation are not yet clear, the results presented herein implicate a facilitation lasting beyond the end of the stimulation that imply cortical plasticity mechanisms. The opportunity to non-invasively interact with the functioning of these plasticity mechanisms will surely open new and promising scenarios in language studies in basic and clinical neuroscience fields.
Introduction
A large number of neuroimaging studies highlight that the ability to name actions or objects is achieved by a wide and complex cerebral network. This system involves, among other areas, the left prefrontal and temporal areas [22, 35] , as demonstrated by neuroimaging [35, 41] and brain lesion [10, 23] studies. The crucial role of the left dorsolateral prefrontal cortex (DLPFC) in action naming has also been confirmed by repetitive transcranial magnetic stimulation (rTMS) studies [6] [7] [8] . Cappa et al. [6] reported that high frequency rTMS of left DLPFC significantly reduced the vocal reaction times for naming of action pictures. This interesting result has been subsequently confirmed in Alzheimer disease patients [7] , extending the effect to object naming [8] and to a patient affected by primary progressive aphasia [11] .
Recently, a lot of interest has been captured by the rediscovery of a cerebral stimulation technique that acts through the application of a very low direct current [27, 37] . Transcranial direct current stimulation (tDCS) seems to act by modulating the resting membrane potential, in an opposite direction depending on the polarity (anodal vs. cathodal) of the electrode placed on the chosen area. A very interesting characteristic is the duration of these neuromodulatory effects. The first studies on the human motor cortex [29, 31] have shown that 13 min of anodal stimulation induce 90 min of increased cortical excitability (enhanced resting motor evoked potentials -MEPs amplitude) or that, in a similar way, but with opposite results, cathodal stimulation causes 60 min of diminished cortical excitability (reduced resting MEPs amplitude).
The mechanisms underlying these effects have been first studied in animals, in the 1960s [4, 9, 15, 16, 39] . In humans, Liebetanz et al. [21] demonstrated that short-term tDCS effects are related to membrane depolarisation (anodal stimulation) or hyperpolarisation (cathodal stimulation), while long-term tDCS effects involve the participation of glutamatergic NMDA receptors. We now know that synaptic plasticity, i.e., modulation of the strength of synaptic connections on the basis of experience, is dependent on NMDA receptors, as we know that plasticity is the basis for learning and memory [26] . If we consider that a brain injury, such as stroke or a neurodegenerative disease, can damage this system, the opportunity to non-invasively modulate the functioning of these mechanisms can open new prospects for the neurorehabilitation of brain-damaged patients [see 24, 40] .
In the past years, several studies have sought to durably modify cortical excitability. Behavioural facilitatory effects have been highlighted with regard to implicit motor learning [33] , associative learning [12] , working memory [13, 34] , pitch memory [44] , perception [2] and language [17, 25, 43] . This facilitatory function may be very important, not only in establishing the role of the stimulated area, but also because it can be used to enhance reduced function in cognitive neurorehabilitation.
Our work aims to explore the effects of tDCS on picture naming, making use of a task that was previously studied with rTMS in normal [6] and Alzheimer's patients [7, 8] . We hypothesize that anodal stimulation of the DLPFC can generate a facilitatory effect, namely a decrease of the vocal reaction times in action and/or object naming.
Methods
Two picture naming experiments were conducted with normal young subjects after the end of a tDCS period over the DLPFC.
Subjects
Twelve healthy subjects (4 males, mean age 24.1 years, standard deviation 3.7, range 19-32) took part in the experiment 1 and 12 other healthy subjects participated in the experiment 2 (6 males, mean age 21.8 years, standard deviation 1.0, range [20] [21] [22] [23] . Each subject participated in only one of the two experiments.
Subjects were native Italian speakers, right-handed and with normal or corrected-to-normal vision. We did not include subjects with a history of seizures, implanted metal objects, heart problems or any other neurological disease. The study was approved by the Ethics Committee of IRCCS San Giovanni di Dio Fatebenefratelli, Brescia, Italy. Informed consent was obtained from participants prior to the beginning of the experiment.
Experimental tasks

Picture naming task
Stimuli for the picture naming task were presented on a personal computer screen using the software Presentation v. 12.0 (http://www.neurobs.com). All of the stimuli were black and white two-dimensional line drawings taken from the corpus of the CRL-IPNP (Center for Research in Language -International Picture Naming Project; http://crl.ucsd.edu/∼aszekely/ipnp), a broad set of 795 action and object pictures. These items have been tested in healthy and patient populations across seven different international sites and languages. Items are coded for a number of variables known to influence naming difficulty, including initial word frequency, age of acquisition and picture image ability scores. These variables have been tested to assess their influence on the participants' naming performance [3] .
The picture naming task used in the two experiments was made up of three experimental blocks and a practice block. In the experiment 1, each experimental block included 15 object and 15 action images. While in the experiment 2 each block included 14 object and 14 action images accurately selected from a larger dataset, tested in a behavioural experiment not reported here. The selection of a subset of stimuli from a larger set was done to obtain a congruent subset of stimuli balanced for all variables and verbal reaction time responses. In both experiments, the practice block included nine object and nine action images.
The subjects were required to accurately name, as fast as possible, the stimuli appearing on the computer screen. The trial structure for experiment 1 is illustrated in Fig. 1a . In experiment 2, we added the indication "action" or "object" immediately before the picture presentation in order to disambiguate lexical selection. This second trial structure is illustrated in Fig. 1b. 
Attentive task
To exclude the possibility that the tDCS effect could be ascribed to a general enhancement of arousal by anodal stimulation, we introduced an attentive control task using the same computer and software as used for the picture naming task. The attentive task comprised two equal blocks. There were 44 trials in each block. The structure of each trial is depicted in Fig. 1c . After 50 ms of white screen, a fixation cross appeared at the centre of the screen for a time varying from 400 to 900 ms. A small black square was presented for 200 ms at the right or left of the fixation cross. After the disappearance of the square, the fixation cross remained on the screen for another 900 ms. In every block, there were 20 trials in which the square was presented to the right of the fixation cross and 20 with the square to the left; the remaining four trials were catch trials (no square appearance). We asked the subjects to respond as fast as possible, by pressing the space bar at the appearance of the stimulus. They used the left hand in one block and the right hand in the other, in an inter-subject counterbalanced manner.
Transcranial direct current stimulation
The stimulation was delivered by a battery-driven, constant current stimulator (neuroConn GmbH, Ilmenau, Germany) through a pair of saline-soaked sponge electrodes (7 cm × 5 cm). A constant current of 2 mA was applied for 8 (experiment 1) or 10 (experiment 2) min, with a ramping period of 10 s both at the beginning and at the end of the stimulation. The current density (0.057 mA/cm 2 ) was maintained below the safety limits [36] . The electrodes were kept firm by elastic bands and an electroconductive gel was applied under the electrodes before the montage, to reduce contact impedance. The so-called active electrode was placed on the left DLPFC, moving 8 cm frontally and 6 cm laterally with respect to the scalp vertex, which had been identified as Cz in 10-20 nomenclature for EEG electrode positioning [6] . The reference electrode was fixed on the right shoulder. We preferred an extracephalic reference to avoid unwelcome interference effects from brain areas underlying the reference electrode [38] .
The study was a single-blind experiment: the individual subjects do not know the type of stimulation they received while the experimenter knew it. We applied three different stimulations on the left DLPFC: anodal, cathodal and sham (i.e., placebo). In the sham stimulation, the current was turned off 30 s after the beginning of the stimulation (duration of fade in and fade out period = 10 s) and was turned on for the last 30 s of the stimulation period. In this way, the subjects felt the itching sensations below the electrodes at the beginning and at the end of the stimulation, making this condition indistinguishable from the real stimulation [14] .
Moreover, to detect differences in the perception of sensation, we asked all of the subjects taking part in the experiment 2 to compile a questionnaire about the sensations experienced during the different types of stimulations (anodal, cathodal and sham). The questionnaire (see Appendix A) was partially based on a previous questionnaire presented by Poreisz et al. [36] . We chose to use this questionnaire to evaluate whether unspecific stimulation effects related to different experimental conditions could account for differences in behavioural performance.
Procedure
In the two experiments, subjects were seated in front of a computer screen, in a quiet room in semi-darkness. In the experiment 1, they performed the picture naming task immediately after anodal, cathodal and sham stimulation. The three sessions and, therefore, three experimental blocks were separated by a 1-h pause (i.e., washing-out) period. Their order of execution was accurately balanced. The procedure is shown in Fig. 2a .
In experiment 2, the subjects performed the picture naming task directly after anodal, cathodal and sham stimulation, as in experiment 1. The active stimulations (i.e., anodal, cathodal) were executed on two different days, thus minimising the probability of interference effects. In this case, a complete balance of the stimulation order was not possible. The presentation order was semi-balanced. The sham stimulation was always the first stimulation performed on the first or second day (see Fig. 2b ).
In addition, to exclude the possibility that the tDCS effect could be ascribed to non-specific stimulation effects or to a general enhancement of arousal, four subjects performed the attentive task four times, i.e., at the beginning and at the end of each of the two sessions each day.
Data analysis
The subjects' performances were recorded with a microphone placed in front of the participant. Vocal responses were digitised with the GoldWave v. 5.15 (GoldWave, Newfoundland, Canada) software, with a sampling rate of 11,025 Hz.
We measured accuracy, giving 1 point to each error (no response, semantic error, visual error) and then calculating the mean for each subject in each condition.
The latency of the verbal response (vocal reaction time -vRT) was measured manually on the screen, marking the start of the wave corresponding to the vocal response. We eliminated from the analysis all incorrectly performed trials. In addition, we removed all data falling above or below two standard deviations with respect to the mean for each subject in each condition.
In the attentive control task, we analysed the manual RT. In this task Wilcoxon test was used for the small numerousness of the sample. For all the other data (vRT, accuracy), the Kolmogorov-Smirnov test confirmed the normality of the distribution, therefore data were subsequently analysed using repeated measures analysis of variance (ANOVA).
The data sphericity was tested using the Mauchly test where appropriate. When the test results were statistically significant, the data were corrected using the Huynn-Feldt correction. Moreover for multiple comparisons the p-values were corrected using Bonferroni correction.
Results
Experiment 1
All of the subjects tolerated the stimulation well; no subjects reported adverse effects or asked to interrupt the experiment. 
Response times
A repeated measures ANOVA tDCS (anodal, cathodal, sham) by type of stimulus (object, action) did not show a significant difference between conditions (mean vRT ± standard deviation (SD) for actions: sham = 907 ± 104 ms, anodal = 871 ± 78 ms, cathodal = 916 ± 129 ms; and objects: sham = 739 ± 81 ms, anodal = 731 ± 99 ms, cathodal = 761 ± 84 ms).
Even if cathodal and anodal tDCS induce an opposite pattern of behaviour, data were highly variable between subjects overall. Considering this large data variability, we normalised the data. For each subject, we calculated the difference between the vRT in each stimulation condition (anodal or cathodal) and the sham vRT (vRT sham ), divided by vRT sham . The repeated measures ANOVA tDCS (anodal, cathodal) by type of stimuli (objects, actions) revealed a main effect of the tDCS factor [F (11, 37) = 6.015; p = 0.032]. Subjects denominated the stimuli faster after anodal stimulation than after cathodal stimulation (see Fig. 3a ).
Experiment 2
We inferred that all of the subjects tolerated the stimulation by interpreting the spontaneous report as well as the question- naire completed by each subject at the end of the experiment (see Appendix A). The questionnaire results are reported in Table 1 . Itch and irritation were the most commonly reported sensations (87% and 77% of the subjects, respectively), with light to moderate intensity. None of the subjects were able to distinguish sham from real stimulation.
A multiple paired t-test did not show any significant difference in the subjects' perception of sensation between the real (anodal or cathodal) and the sham stimulation conditions.
Accuracy
A repeated measures ANOVA tDCS (anodal, cathodal, sham) by type of stimulus (object, action) shows only a significant main effect of the type of stimulus factor [F (1, 11) = 11.712; p < 0.05]: participants made significantly fewer errors in object naming as compared to action naming. Table 1 Mean intensity of the sensations reported by the subjects after tDCS stimulation in experiment 2 and the percentage of subjects that reported a certain sensation. The sensation intensity is presented on a 5-point scale: 0 = none, 1 = mild, 2 = moderate, 3 = considerable, 4 = strong. The column "effect on performance" indicates the subjective feeling of the participant relative to how much did the tDCS induced sensations affect his performance. and anodal (mean vRT ± SD = 666 ± 92 ms) stimulation (see Fig. 3b ). Participants were faster after anodal stimulation. Cathodal stimulation (mean vRT ± SD = 687 ± 90 ms) did not differ significantly from sham stimulation. The main effect of the stimulus type shows that subjects were faster at object naming than at action naming (mean vRT ± SD for actions: sham = 789 ± 100 ms, anodal = 741 ± 58 ms, cathodal = 757 ± 60 ms; and objects: sham = 617 ± 51 ms, anodal = 590 ± 47 ms, cathodal = 616 ± 51 ms). The lack of a statistically significant interaction indicates that the facilitation after anodal stimulation was present for both action and object naming.
Response times
As in experiment 1, data were normalised and a repeated measures ANOVA with tDCS (anodal, cathodal) by type of stimulus (object, action) underscored a main effect of the tDCS factor [F (11, 37) = 8.130; p = 0.016]. As revealed by the previous analyses, subjects were faster at naming the stimuli in the anodal as compared to the cathodal condition.
Regarding the attentive control task, we calculate the difference in the RT before and after the anodal (pre-post anodal) and the cathodal (pre-post cathodal) stimulation. The text of Wilcoxon did not show a significant difference between the pre-post anodal and the pre-post cathodal condition (Z = −0.535; p > 0.05). We conclude that the performance in the attentive control task was not influenced by the different types of stimulation (mean RT ± SD in each condition: pre-anodal = 293 ± 17 ms, post-anodal = 290 ± 20 ms, pre-cathodal = 293 ± 13 ms, post-cathodal = 291 ± 13 ms).
Discussion
In this study, we show that anodal stimulation of the left DLPFC exerts a facilitation effect on picture naming in healthy subjects. The absence of a significant differential stimulation effect on the attentive task or on the perception of sensations questionnaire ruled out the possibility of facilitation due to non-specific effects, such as enhancement of arousal or attention. Moreover, the observation of a facilitatory effect in both experiments indicates robustness of the result.
Our experiments do not highlight any effect of cathodal stimulation, since reaction times in the cathodal conditions are not different from those in the sham conditions. In animal [4, 39] and human motor cortex [29, 30] studies, general cathodal effects are described, as opposed to those induced by anodal stimulation (inhibition vs. facilitation). Nevertheless, there are several studies in the cognitive domain that report the absence of inhibitory effects after cathodal stimulation [12, 13, 19, 43] , which is consistent with our results.
On the other hand, the experiments presented herein highlight the facilitatory effect of anodal stimulation, namely faster vocal reaction time. The facilitation effect that we observed is similar to that described by Sparing et al. [43] with anodal stimulation of Wernicke's area. Nevertheless, many differences between our study and theirs make comparison of the results difficult. In contrast to our study, their study focused strictly on object naming and the stimuli were over-trained to obtain stable reaction times with regard to naming. Furthermore, they adopted a cephalic collocation of the reference electrode. Analogous difficulties are present when comparing these findings with the results of Monti et al. [25] . The cathodal facilitation that they highlight is surely difficult to explain, although the current distribution in brains with diffuse atrophy is certainly different from that in a healthy brain [46] .
The facilitation observed in our study is consistent with previous data showing that high frequency rTMS on the left DLPFC shortens the time necessary for naming in young healthy subjects [6] and in patients with Alzheimer's disease [7, 8] . A notable difference to the Cappa et al. [6] rTMS study, which was performed on young normal subjects, is the reduced specificity of the obtained effect in our study. In the present tDCS experiment, the facilitation was for action as well as for object naming, while the facilitation was present only for action naming during an on-line protocol in the Cappa et al. [6] study. A possible explanation for this distinction is the amplitude of the area of the electrodes used for tDCS (i.e., 35 cm 2 ) as compared to the smaller TMS stimulation area of the figure-eight coil (i.e., ∼2 cm 2 around the intersection point of the coil) [45] . Therefore, it seems that our stimulation had a more general influence on the network involved in the naming task. In addition, the differential effects on behavioural response might be dependent upon the timing of stimulation (i.e., on-line vs. off-line). The effects induced by on-line stimulation are generally shortlived, probably on the order of a few hundred milliseconds to a few seconds, while use of the off-line approach allows for transient modulation of long-term neural excitability. This difference in duration may be related to a differential modulation of the neural network that controls language.
Another difference related to studies with rTMS involves the mechanism underlying behavioural performance. While rTMS is a neurostimulation technique that is able to induce action potentials in the stimulated area, tDCS is a neuromodulation technique [27, 46] . Therefore, short-term effects of tDCS are due respectively to a decrease (anodal) or an increase (cathodal) of the resting neuronal threshold [21] . Nevertheless, in our study, behavioural facilitatory effects after the end of the stimulation period (i.e., offline), are very likely induced by long-term modulatory effects on the activation state of the target area. This could appear in disagreement with the rules of the homeostatic plasticity, which sustain that low background activity would enhance facilitatory plasticity, whereas high background activity would inhibit it. Nevertheless this kind of assumption has been demonstrated in tDCS studies only on the human motor cortex and with conditioning protocols employing rTMS [20, 42] . Nitsche et al. [32] , with another conditioning paradigm, obtain results coherent with the homeostatic plasticity only when this paradigm was applied simultaneously with the tDCS stimulation, and not when it was applied, like in our experiment, after the stimulation. These data seem confirmed also by a number of cognitive studies, that highlight facilitation when a cognitive task is performed after the anodal stimulation [e.g., 5, 34, 43] .
We conclude that polarisation by anodal tDCS of the underlying brain tissue and of the remote connected areas has had a more general influence on the network involved in the naming task. More specifically, since it has been demonstrated that language operations mediated by prefrontal cortex are involved in word retrieval [1, 18] , and that word retrieval includes searching and monitoring as well as selecting the appropriate word from among competing alternatives [1, 18] , we suggest that the cerebral network dedicated to lexical retrieval processing is facilitated by anodal tDCS to left DLPFC. Although the detailed mechanisms responsible for facilitation are not completely understood, they seem to involve long-term potentiation [21, 28] . Since it has been demonstrated that shortterm tDCS effects are related to membrane depolarisation (anodal stimulation) while long-term tDCS effects involve the participation of glutamatergic NMDA receptors and that synaptic plasticity is dependent on NMDA receptors, we can hypothesize that the result obtained might depend from these mechanisms.
This finding suggests that behavioural improvements may be induced in patients with cognitive deficits through stimulation/facilitation of the adequate network to solve a given task. Further, in an ideal neurorehabilitation approach, these improvements could become long-lasting effects through the strengthening effects of neural learning by cognitive training [24] .
In conclusion, we found that anodal stimulation of the left DLPFC modulates the behavioural performance of healthy subjects in a picture naming task, demonstrating that left DLPFC is part of cerebral network dedicated to lexical retrieval/selection processing in naming. Moreover this study has revealed promising results in terms of the potential effectiveness of inducing a tDCS facilitatory effect in a linguistic elaboration process that is surely able to open new and promising scenarios in the field of language rehabilitation.
